E5 I. INTRODUCTION

0
HE characteristics of antireflection (AR) coatings have
However, experiments are expensive and time consuming, and theoretical solutions are often intractable for complex T been investigated theoretically or experimentally [ 11-[6] .
-3 problems. The numerical modeling has an advantage ofapplicability to arbitrary structures with sufficient accuracy. Recently, the finite-difference time-domain (FD-TD) method [7] , [XI was used to analyze optical waveguides with an AR coating [9] , since it is applicable to treating reflection problems. It should be noted that the performance of the absorbing boundary condition (ABC) used with the FD-TD method determines the dynamic range of the numerical simulation. Widening the dynamic range is crucial to the evaluation of low power reflectivities, particularly for a multilayer AR coating. Several ABC's [lo]- [13] have been used for solving unbounded electromagnetic problems with the FD-TD method.
Berenger recently published the perfectly matched layer ABC (PML-ABC) [13] . The improved performance of the PML-ABC relative to any earlier technique has been verified in optical waveguides such as a three-layer slab one [14] and a one with longitudinal discontinuities [ 151. It should be noted, however, that no application has appeared to the evaluation of low power reflectivities from the endface of optical waveguides with AR coatings. Fig. l(a) . The refractive indices of the core and cladding are chosen to be NCO = 3.6 and NCL = 3.564, respectively. A wavelength of X = 1.55 pm is used and the normalized frequency is taken to be V = 1.5 for this analysis. Since the AR mechanism of the coating is considered to be impedance matching between the waveguide and the air, the refractive index of the AR coating should be NAC = fi, where NE is the effective index of the waveguide. Hence, the refractive index of the AR coating is fixed to be NAC = 1.8938. The continuous wave simulation of TEo wave is considered. The f z propagating incident wave is generated on the incidence plane located at z = 0.45 pm, so that only the reflected field is observed in the region located at z < 0.45 pm [8] . The computation parameters are as follows: Ax = D/10 FZ 0.073 pm, Az = 0.002 pm and cat = 0.001 pm.
The accuracy in the evaluation of power reflectivity depends on the choice of an ABC. We, therefore, compare the performance of the PML-ABC with that of Mu-ABC. The PML is a nonphysical lossy medium adjacent to the outer grid boundary (The PML region is located outside the waveguide geometry shown in Fig. 1 ). Within the PML, the electromagnetic waves rapidly decay without varying the velocity and field impedance, so that the outgoing waves vanish. Throughout this paper, the PML thickness is taken to be 16 cells with a theoretical reflection coefficient R(0) = [13] . The electric conductivities a ( p ) in the PML are defined as a form of o(p) = omaZ(p/S)', where p is the depth of the PML and S is the PML thickness. For reference, the standard first-and second-order Mur-ABC's are tested.
A comparison in the power reflectivity of the fundamental mode among the ABC's as a function of coating thickness L is shown in Fig. 2 for a single-layer coating in Fig. l(a) . From each set of data, it is seen that the power reflectivities become minimums when the coating thickness L is around 0.206 pm, or X,/4. It should be noted, however, that the simulations using the PML-ABC have a dynamic range over that for the Mur-ABC's.
As a further example in which an increased dynamic range is required, we consider the case of a double-layer coating, as shown in Fig. l(b) . The principle of a double-layer coating is the same as that of a single-layer coating. The configuration parameters are as follows: NACI = N A C Z~ % 2.76494, NAC2 = 1.46, L1 = X / 4 N~c 1 = 0.138 pm and La = x/4NAC2 = 0.266 pm, where A(= 1.55 pm) is the center wavelength. Fig. 3 shows the field distribution for a double-layer coating after the transient has passed (ct = 20 pm). The field is expressed with the sinusoidal steady-state amplitude [ 161, [ 171, which can be obtained by the numerical integration of a timedependent signal over one period. It is seen that the reflected fields are successfully suppressed due to the double-layer AR coating. Now, we investigate the propagating field in the reflected field region in more detail. Fig. 4 shows the reflected field distributions in an expanded scale as the time et is advanced: (a), (b), (c), (d) and (e) are at ct = 1.0 pm, 2.0 pm, 3.0 pm, 5.0 pm and 20.0 pm, respectively. It is observed that the longitudinal discontinuities of refractive index cause reflected fields in Fig. 4(a) . As the time is advanced, the field exhibits the complicated transient interference among the reflected fields from the AR coatings, and the reflected fields gradually vanish due to the effects of multiple reflection in the AK coatings. It is shown that the reflected fields become stable in Fig. 4(e) . Fig. 5 shows the power reflectivity as a function of the wavelength A. For reference, the result for the single-layer coating ( L = 0.206 pm) is also shown. As expected, the double-layer coating achieves broadband low reflectivities as compared with the single-layer one. It can be said that the FD-TD method with the PML-ABC enables us to evaluate low power reflectivities from the endface of optical waveguides with an AR coating.
CONCLUSION
The characteristics of AR coatings have been analyzed using the FD-TD method combined with the PML-ABC. For a single-layer coating, the PML-ABC is compared with the Mur-ABC, and the improved performance of the PML-ABC is demonstrated. The transient behavior of the reflected fields and their suppression is revealed for a double-layer coating. The present approach can easily be applied to more complicated structures such as a tilted endface with a multilayer AR coating.
